The depolymerase activity of cell-free extracts of nine species of rumen ciliate protozoa and two mixed protozoal preparations, grown in vivo and in vitro, towards polygalacturonic acid was examined. The highest activity was found with Eremoplastron bovis and Ostracodinium obtusum bilobum while there was none in the spined or spineless forms of Entodinium caudatum and little in Polyplastron multivesiculatum. On the basis of the rapid drop in viscosity, inhibition by EDTA and the production of u.v.-absorbing material, the enzymes from all active species were designated as endopectate lyases (EC 4 . 2 . 2 . 2 ) although some polygalacturonase may be present. Neither pectin nor polygalacturonic acid supported the survival or growth of any of the protozoal species tested.
I N T R O D U C T I O N
There are several reports (e.g. Wright, 1960 Wright, , 1961 Abou Akkada & Howard, 1961 ) that rumen ciliate protozoa contain pectin esterase and enzymes that depolymerize polygalacturonic acid. There is little information on the activity possessed by individual protozoal species although Mah & Hungate (1965) reported that Ophryoscolex purkynei contained polygalacturonate transeliminase (now called pectate lyase). This produced dehydrogenogalacturonyl digalacturonic acid (altered trimer) and dehydrogenogalacturonyl galacturonic acid (altered dimer) as final products and was similar to the bacterial enzyme studied by Hasegawa & Nagel (1962) . The present paper records the activities against polygalacturonic acid of cell-free supernatant fluids obtained after the disruption of pure and mixed suspensions of rumen ciliates, grown in vivo and in vitro, and provides evidence that the enzymes are lyases.
METHODS
Protozoa. Sheep (Clun Forest wethers) containing single protozoal species were obtained by defaunation of the rumen by the method of Orpin (1977) followed by the introduction of a suspension of a single protozoal species isolated from the rumen and grown in vitro as described by Coleman (1978) . Mixed rumen protozoa were taken from animals with a normal A-type population (Eadie, 1962 (Eadie, , 1967 . Entodinium bursa and the spined form of Entodinium caudatum were grown together in the rumen as the former would only grow in the presence of the latter and the latter only formed spines in the presence of the former. The sheep were fed once a day on hay chaff (800 g) and cats (100 g) and rumen contents were removed via a cannula 17 h after feeding. The preparation of washed suspensions of protozoa and the separation of a mixed population into fractions containing small or large protozoa were carried out as described by Coleman & Sandford (1979) .
Protozoa were grown in vitro as described by Coleman (1978) and harvested as described by Coleman (1969) except that mineral salt solution D [containing (g 1-I): KzHP04, 6.3; KH,P04, 5.0; NaCI, 0.65; CaCI, (dried), 0.045; MgSOl. 7H@, 0.091 was used throughout. The protozoa were finally suspended in water (for disruption) or in salt solution D (for experiments with living protozoa) when N2/C02 (95: 5, v/v) was bubbled through the suspension for 2 min before addition to the incubation medium.
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Disruption of protozoa by sonication. The tube containing the protozoal suspension was immersed in an ultrasonic cleaning bath (average output 40 W, frequency 80 kHz) at room temperature until no protozoa could be detected microscopically (Coleman & Laurie, 1977 ). The crude homogenate was then centrifuged (5500 g, 20 min, 4 "C) and enzyme activity was measured in the supernatant fluid (cytoplasmic fraction).
Pectafe lyase assay. Pectate lyase was assayed by following the appearance of reducing material using polygalacturonic acid (Sigma, grade 111 from orange) as substrate. The reaction mixture contained 2.0 ml0-1 M-N-ti is(hydroxymethyl)methyl-2-aminoethanesulphonic acid (TES, pH 8-5), 0.02 to 3-6 ml polygalacturonic acid solution, 0.4 ml of a suitable dilution of the enzyme in TES buffer, and 0 to 3-58 ml water to give a final volume of 6.0 ml. Samples (1.0 ml) were removed at intervals (30 min) and assayed for reducing material by Nelson's (1944) method using D-galacturonic acid (Sigma) as standard. The pclygalacturonic acid solution was prepared by dialysis of a 1 % (w/v) solution (neutralized with NaOH) for 48 h against two changes of distilled water. The polygalacturonic acid content of the product was determined by hydrolysis with 2 % (v/v) concentrated HNO, for 11 h (Jermyn, 1955) and assay of the liberated galacturonic acid. The rate of the enzyme reaction was constant for at least 1.5 h and was proportional to enzyme (from Eremoplastron h i s ) concentration over a 30-fold range at a substrate concentration of 0.8 m (with respect to galacturonic acid). Where sufficient protozoal extract was available, the rate of reaction was measured at eight substrate concentrations and the maximum velocity and K,,, were determined by extrapolation to the ordinate and abscissa, respectively, of a double reciprocal plot of rate against substrate concentration.
Where insufficient extract was available, the rate was measured in the presence of 0.8 m (with respect to galacturonic acid) polygalacturonic acid only. Activity is expressed as pmol galacturonic acid produced h-' protozoon-' or (ng protein)-'.
Incubation conditions for experiments with /iving protozoa. The mixture contained 1.0 ml protozoal suspension (lo4 to 105 ml-l) or salt solution D, 0.2 ml 1 % (w/v) pectin or polygalacturonic acid (neutralized to pH 7 with NaOH) or water, and 0.05 ml 1 % (w/v) ampicillin. After inoculation, N,/CO, (95:5) was bubbled through the medium for 15 s, the tube was sealed with a rubber bung and incubated at 39 "C. At the end of the incubation (0 to 6 h) the protozoa were sedimented by centrifuging (200 g, 30 s, 15 "C) and samples of the supernatant fluid were assayed for reducing sugars.
Viscosity measurements. These were made in an Ostwald viscometer at 20 "C. Fifteen ml of 1 ; L (w/v) polygalacturonic acid (neutralized with NaOH) in 0.02 M-TES (pH 8.5) was incubated at 39 "C with 0.05 ml enzyme preparation or water. At intervals, samples were taken for the estimation of reducing material (as above) and, after cooling to 20 "C, measurements were made of the viscosity of the medium. Paper chromatography. The following solvents were used : A, ethyl acetate/pyridine/acetic acid/water (5: 5 : 1 : 3, by vol.) (Nagel & Vaughn, 1961) ; B, ethyl acetate/acetic acid/water (2: 1 : 2, by vol., upper phase); C, propan-1-ol/ethyl acetate/water (24: 13: 7, by vol.); D, butan-2-ol/formic acid/water (7: 1 : 2, by vol.).
Other procedures. Protein was determined by the Lowry method of using bovine serum albumin as standard. The number of protozoa was determined as described by Coleman et d. (1976) .
RESULTS
Efect of p H on activity
In the presence of 0.033 M-TES or glycine buffers the optimum pH of the polygalacturonate depolymerase in all the Entodiniomorphid protozoa tested, as determined by the drop in viscosity or production of reducing material, was about 8.5, but by the latter method the activity was over 80 % of the maximum from pH 7.7 to 10.0 (Fig. 1) . At the pH of the growth medium (6.8) the activity was only 30 % and at the pH of the cell contents (6.0; Weineck, 1934) it was only 14 % of the maximum value.
Activity of individual protozoal species
All species tested, except for Entodinium caudatum, contained depolymerase in the cytoplasmic fraction when grown in vivo or in vitro (Table 1) . As the activity of the crude homogenate was the same before and after removal of the bacteria by centrifugation, none of the activity in the protozoa was due to intracellular bacteria. Eremoplastron bovis and Ostracodinium obtusum bilobum contained the most activity per ng protein and Entodinium bursa and Polyplastron multivesiculatum the least. Similar results were obtained whether the protozoa were grown in vitro or isolated from the rumen. The activity of Epidinium ecaudatum caudatum was similar whether it was grown on ground wheat in the presence of dried grass or on p-sitosterol when the amount of pectic material engulfed would be less. The activity of the small and large protozoal fractions prepared from a typical A-type population (Eadie, 1962 (Eadie, , 1967 was low. The small fraction contained only small Entodinium spp. and Dasytricha ruminantium and as the former do not contain the enzyme, the results in Table 1 have been calculated on the assumption that only the latter was active. Washed suspensions of Epidinium ecaudatum caudatum, Eremoplastron bovis, Eudiplodinium maggii and Ophryoscolex caudatus incubated anaerobically in salt solution D (pH 6.8) in the presence of 1.6 mg polygalacturonic acid ml-l all produced reducing material but the rates were only 2.3 %, 0-1 %, 0.3 % and 4.3 % of that obtained with the cytoplasmic 298 G. S COLEMAN, D. C . SANDFORD A N D S. BEAHON fraction at pH 8.5. The survival time of these protozoal suspensions was the same (24 to 36 h) in the presence or absence of polygalacturonic acid although it was increased to 48 to 72 h in the presence of ground wheat. These protozoal species were therefore unable to use the digestion products from polygalacturonic acid for survival.
Requirement for metal ions
There was no loss of activity on dialysis of the cytoplasmic fraction from any of the protozoa against distilled water or 1 or lOmM-EDTA, and the activity of the original or dialysed material was not increased in the presence 1 mM Mg2+ or CoZ+. However, all the enzyme preparations were completely inhibited by EDTA (0-5 mM) as found with bacterial pectate lyases (Rombouts, 1972) . This inhibition could be reversed (to the extent shown in parentheses for the enzyme from Epidinium ecaudatum caudatum) by the following metal ions (at 1 mM): Mg2+ (87 %), Co2+ (79 %), Ca2+ (67 %) and Mn2+ (53 %). Higher or lower concentrations of these ions were less effective. This suggests that the enzyme contains a tightly bound metal ion which can be blocked but not removed by EDTA which, in turn, can be removed from the enzyme by added metal ions.
Reaction mechanism
The actions of polygalacturonase and the lyase were distinguished by comparison of the rate of appearance of reducing groups, which occurs in the presence of both enzymes, and the appearance of the unsaturated galacturonic acid which is found only in the presence of the lyase and which absorbs at 235 nm. With preparations from all the active protozoa listed in Table 1 , the production of reducing material was always associated with an increase in absorption at 235 nm and both were dependent on the presence of enzyme and substrate and were inhibited by EDTA. Comparison of the results obtained by both methods and using the value of 4700 1 mol-l cm-l for the molar absorption coefficient of the unsaturated compound (Lee et al., 1970) indicated that 77 % (with Eremoplastron bovis) or 83 % (with Epidinium ecaudatum caudatum) of the reducing groups formed could be accounted for by the action of pectate lyase. Chromatography of the reaction products in solvent A and spraying with ammoniacal silver nitrate showed the presence of galacturonic acid (identified by chromatography in solvents A to D) and other spots of Raald 0.09, (0.18), 0.42, and (1 -2) or (1 ~5 ) .
The spots with Ra,l* values shown in parentheses also gave a positive reaction with the periodate/thiobarbiturate spray of Warren (1960) , that of Ra,la 0-1 8 staining most deeply. Insufficient material was available for detailed examination of the products but from the spray reactions and by comparison with the results of Nagel & Vaughn (1961) and Hsu & Vaughn (1 969) they could be, respectively, trigalacturonide, altered trigalacturonide, digalacturonide and two monomers. No spot corresponding to the altered digalacturonide was seen.
The viscosity of polygalacturonate solutions dropped rapidly in the presence of all active fractions; for example, there was a 70 % fall in viscosity with only a 4.4 % breakage of the glycosidic bonds with one Ophvyoscolex caudatus preparation. This is taken as evidence that the enzyme in the protozoa is an endo-pectate lyase which preferentially attacks the polygalacturonic acid molecule in the middle. However, it is possible that different enzymes were responsible for the two different effects.
Growth of Eremoplastron bovis and Eudiplodinium maggii in the presence of pectin and polygalact uron ic acid As these two protozoa, which grow in vitro on dried grass as the sole added source of food, have high activities of pectate lyase, it was of interest to determine if the grass could be replaced by pectin or polygalacturonic acid. On omission of the grass (which is the only added source of food; Coleman et al., 1976) from the medium or its replacement by either substrate, the health of the cultures as determined microscopically declined after 3 d and Degradation of polygalacturonic acid 299 all the protozoa were dead after 7 d. As the grass was probably supplying other factors apart from acting as a source of energy, experiments were made in which grass was added only every 3 to 5 d. In the absence of any other substrate Eremoplastron bovis died after 3 weeks when grass was fed every fourth day and after 2 weeks when fed every fifth day and the periods could be increased to 9 and 6 weeks, respectively, by the daily addition of 1 drop (approx. 0.07 ml) of 1 % (w/v) pectin or polygalacturonic acid to 30 ml culture.
Eudiplodinium maggii tolerated starvation better than Eremoplastron bovis and survived for 5 weeks when fed grass only every fifth day. This period was increased to 7 weeks by the daily addition of polygalacturonic acid but not by pectin. The polygalacturonic acid may therefore be utilized to a very limited extent by the protozoa. However, the solubility of both substrates may make them less easily engulfed by the protozoa than grass particles and give a false result.
DISCUSSION
These experiments show that Entodinium spp. (as reported by Abou Akkada & Howard, 1961) and Polyplastron multivesiculatum, which require starch for growth, have little or no ability to depolymerize polygalacturonic acid. Epidinium ecaudatum caudatum and Diploplastron afline, which prefer starch but grow poorly on dried grass (Coleman et al., 1976) , and Ophryoscolex caudatus, which will only grow on starch, contain intermediate amounts of enzyme, while Eremoplastron bovis, Eudiplodinium maggii and Ostracodinium obtusum bilobum, which prefer grass as a source of food, contain the highest activities. Calculations from the results of Abou Akkada & Howard (1961) show that the activity in mixed lsotricha spp., which do not attack plant materials, was 0.7 pmol h-l (ng protein)-l which is lower than that for most of the Entodiniomorphid protozoa. This shows that those protozoa which must engulf appreciable amounts of pectin during feeding on dried grass contain the higher enzyme activities. However, previous studies on gas production by principally mixed protozoal suspensions and the present studies on protozoal survival and growth support the view that pectin and polygalacturonic acid cannot be readily utilized by rumen protozoa. The role in protozoal metabolism of enzymes with a high optimum pH that hydrolyse these substrates is therefore obscure. Nevertheless, the present results and those of Abou Akkada & Howard (1961) differ from those of Wright (1960) who followed the change in viscosity of polygalacturonic acid and found an optimum pH of 6.5 to 7.2 with an extract from a mixture of isotricha and epidinia.
Many rumen bacteria also degrade pectic substances (Prins, 1977) and the large treponemes, Bacteroides ruminicola and Streptococcus bovis, contain pectate lyases (Wojciechowicz, 1971 ; Ziolecki et al., 1972; Wojciechowicz & Ziolecki, 1979) . As the latter organism could not utilize the degradation products it has been suggested that it degrades the pectin to gain access to the sugars that occur in natural pectins (Ziolecki et al., 1972) . The same could be true for the protozoa, but as they all readily utilize starch or cellulose, it is difficult to see that they would gain sufficient sugar from pectin for the process to be energetically worthwhile.
The parallel increase in absorption at 235 nm and the amounts of reducing sugars, together with the inhibitory effect of EDTA and the high optimum pH, suggest that the enzymes in the rumen ciliates were lyases (Nasuno & Starr, 1967; Rombouts, 1972) as originally found in bacteria by Hasegawa & Nagel (1962) . However, the products were probably galacturonic acid, altered trimer and altered monomers (such as dehydrogalacturonic acid and 4-deoxy-5-hexulose-uronic acid), as was found with a pseudomonad by Priess & Ashwell (1963) and rumen treponemes (Wojciechowicz & Ziolecki, 1979) , rather than the altered dimer and altered trimer found by MacMillan & Vaughn (1964) with Clostridium multifemenlans. This suggests that the protozoa contain an enzyme or enzymes with polygalacturonase (Phaff, 1966) and lyase activities or that an enzyme capable of splitting the altered dimer to its component monomers was present. The ciliate enzyme
